Introduction
1.1 Scope of Report ICRU Report 44, Tissue Substitutes in Radiation Dosimetry and Measurement (ICRU, 1989) , was produced to provide guidance on the selection and formulation of materials that are to be used as substitutes for body tissues in radiotherapy, radiodiagnosis, radiation protection and radiobiology. For reference purposes, it contains radiation interaction data for 24 selected adult human tissues. It is noted in the Report however, that" .... it is imperative that body tissue compositions are not given the standing of physical constants and their expected variability is always taken into consideration . ... '' Such factors as age, sex and state of health can have a marked effect on tissue composition (Woodard and White, 1986; White et al., 1990 and 1991; Dickerson, 1988; Widdowson, 1988; Woodard, 1988) .
This Report provides specific information on representative sets of tissues that illustrates the effects of tissue composition variation on some pertinent radiation interaction quantities. It includes photon (10 keV to 100 MeV), electron (10 keV to 100 MeV), proton (1 to 500 MeV) and neutron (25 meV to 30 MeV) interaction data for body tissues, covering the age interval from fetus to adult. The interaction data presented here supplement the earlier tabulations, but for the sake of completeness and clarity the results for adult tissues are repeated.
Soft tissues, skeletal tissues and calculi are considered. Soft tissues include adipose tissue, brain, breast (including component tissues), heart, liver and muscle (skeletal). 1 Skeletal tissues and calculi include cortical bone, breast calcifications, cholesterol gallstones and various types of urinary (renal) stones. For each body tissue or group of tissues, the available 1 Muscle (skeletal) includes the connective tissue, blood vessels, blood, lymph, etc., generally associated with striated muscle (ICRP, 1975 The Report is structured into three sections and two appendices. Definitions and specifications of the interaction coefficients and dosimetric quantities used in the Report are given in the next part of this Section. The composition of body tissues is discussed in Section 2. Details of the methods adopted for the calculation of the interaction data are given in Section 3. The elemental compositions, mass and electron densities of the complete set of body tissues are listed in Appendix A. Photon, electron, proton, and neutron interaction data are given in the concluding Appendix.
It is strongly recommended that the Report be used in conjunction with ICRU Report 44 (ICRU, 1989).
Definitions and Specifications
Two different sets of physical characteristics are used as criteria for the selection of a material as a substitute for a given body tissue [ICRU Report 44 (ICRU, 1989) ]. These physical characteristics are the radiation interactions within the body tissue and the dosimetric quantities at a point of interest in the body tissue. Definitions and specifications of these physical quantities are given here.
Interaction Coefficients
For the characterization of body tissues and tissue substitutes with respect to radiation interactions, the radiation transport of primary and secondary particles must be considered. The interaction coefficients given below are used.
(1) The cross section, u, of a target entity, for an interaction produced by incident charged or uncharged particles is the quotient of P by <!>, where P is the probability of the interaction for one target entity when subjected to the particle fluence <P,
A special unit of cross section is the barn, b:
Uncharged Particles
(2) The mass attenuation coefficient, µ,/ p, of a material for uncharged ionizing particles is the quotient of dN/N by pdl, where dN/N is the fraction of particles that experience interactions in traversing a distance dl in a material of density p, For x rays and gamma rays, the total mass attenuation coefficient, µ,/ p, may be expressed as the sum of its components using the following notation,
where the component mass attenuation coefficients refer to those for photoelectric absorption, coherent scattering, Compton scattering and pair production, respectively. (3) The mass energy transfer coefficient, I-Lt.Ip, of a material for uncharged ionizing particles is the quotient of dEtJ EN by pdl, where E is the energy of each particle (excluding rest energy), N is the number of particles, and dEtJ EN is the fraction of incident particle energy that is transferred to kinetic energy of charged particles by interactions in traversing a distance dl in the material of density p, Unit: m 2 kg-1 (4) The mass energy absorption coefficient, /.Len / p, of a material for uncharged ionizing particles is the product of the mass energy transfer coefficient, I-Lt.Ip and ( 1g ), where g is the fraction of the energy of secondary charged particles that is lost to bremsstrahlung in the material, Unit: m 2 kg-1
Charged Particles
/.Len = /.Ltr (l _ g ). Unit: J m 2 kg-1 S I p may also be expressed in eV m 2 kg-1 • For energies at which nuclear interactions may be neglected, the total mass stopping power, SI p, for electrons may be separated into two components,
The mass collision stopping power, (Sf p)c 0 1, includes all energy losses in particle collisions which directly produce secondary electrons and atomic excitations. It also includes energy losses due to the production of Cerenkov radiation. The mass radiative stopping power, (SI p)r•d• includes all energy losses of the primary electron which lead to bremsstrahlung production [ICRU Reports 35 (ICRU, 1984a) and 37 (ICRU, 1984b)]. The total mass stopping power, SI p, for heavy charged particles is essentially equal to the collision mass stopping power, Unit: radian 2 m 2 kg-1
More information on the interaction coefficients quoted here is given in ICRU Reports 33 (ICRU, 1980 ), 35 (ICRU, 1984a and 37 (ICRU, 1984b).
Dosimetric Quantities
For the characterization of radiation detector materials with respect to their ability to simulate body tissues, the dosimetric quantities given below are used.
(1) The kerma, K, is the quotient of dEt, by dm, where dEt, is the sum of the initial kinetic energies of all the charged ionizing particles liberated by uncharged ionizing particles in a material of mass dm, (1.11) Unit: Jkg-1 The special name for the unit of kerma is gray (Gy) . For uncharged ionizing radiation of energy E (excluding rest energy), the relationship between energy fluence 'IJr and kerma, K, may be written as (1.12) where µ,,,/pis the mass energy transfer coefficient, <Pis the particle fluence and [E (µ,,,/ p)] is called the kerma factor. (2) The absorbed dose, D, is the quotient of d'E by dm, where d' E is the mean energy imparted by ionizing radiation to matter of mass dm , (1.13) Unit: Jkg-1 The special name for the unit of absorbed dose is gray (Gy).
It should be noted that the absorbed dose in a material is approximately equal to kerma only after transient equilibrium with secondary charged particles is established. When the dimensions of a structure are comparable to the range of the charged particles, the absorbed dose depends on the kerma in the surrounding material.
In the case of very small structures, the absorbed dose is equal to the kerma in the surrounding material times a quotient of stopping powers in the structure and the surround. This applies to the cell nucleus at all energies and in small organs (e.g., the lens of the eye) at higher energies. The distances over which this effect is important can be gauged from Fig.  1.1 , which gives the ranges of electrons and protons (the most important charged particles in photon and neutron irradiations) in water.
Further details of these dosimetric quantities are given in ICRU Reports 33 (ICRU, 1980 ), 35 (ICRU, 1984a and 45 (ICRU, 1990) .
